Study objectives: Our aim was to evaluate the circadian rhythm of distal skin temperature (DST) in sleep-disordered breathing (SDB), its relation to excessive daytime sleepiness and the effect of continuous positive airway pressure (CPAP) on DST. Methods: Eighty SDB patients (53.1 ± 1.2 years old, 27.6% women) and 67 healthy participants (52.3 ± 1.6 years old, 26.9% women) wore a temperature data logger for 1 week. On the last day of that week, SDB patients underwent a polysomnography followed by a Maintenance of Wakefulness Test (MWT), Multiple Sleep Latency Test, and Sustained Attention to Response Task protocol to objectively quantify daytime sleepiness. A subset of 21 moderate to severe SDB patients were treated with CPAP during at least 3 months and revaluated with the same procedure. A nonparametric analysis was performed to characterize DST to assess differences between groups and associations among DST, polysomnography, and daytime sleepiness measures. Results: SDB patients showed an unstable, fragmented, flattened, phase-advanced, and less robust DST rhythm as compared to healthy participants. The more severe the SDB, the worse the DST pattern was, as indicated by the correlation coefficient. Sleepiness, according to MWT sleep latencies, was also associated with the higher fragmentation, lower amplitude, and less robustness of the DST rhythm. Treatment with CPAP improved DST pattern regularity and robustness. Conclusion: DST is altered in SDB, exhibiting a direct relationship to the severity of this condition, and improves with CPAP treatment. DST independently correlates with sleepiness, thus, its measurement may contribute to the understanding of the pathophysiology of sleepiness in these patients.
INTRODUCTION
The human circadian clock regulates most physiological processes, including the sleep-wake cycle, thermoregulation, hormonal secretion, and metabolism, among others. 1 The master clock is located on the suprachiasmatic nuclei of the hypothalamus, which is entrained every day by environmental cues and coordinates the oscillation of peripheral clocks. 2 The sleep-wake cycle and thermoregulation are strongly interrelated because people spontaneously choose their bedtime when the maximal decreasing rate of core body temperature occurs, which is promoted by heat loss due to higher distal skin temperature (DST). 3 In fact, falling sleep is difficult when distal skin areas (hands and feet) are cold, 4 and their warming promotes rapid sleep onset, 5 although the sleep-wake pattern itself also increases DST and decreases core body temperature. 6, 7 Sleep-disordered breathing (SDB) is a major health concern in modern societies, due to its high prevalence 8 and association with mortality risk 9 and comorbidities, such as diabetes, 10 metabolic syndrome and obesity, 11 mood and cognitive alterations, 10, 12 osteoporosis, 10 atherosclerosis, 11 and cardiovascular diseases. 13 A few studies have suggested that SDB may also impair the sleep-wake pattern and circadian system function on several levels. [14] [15] [16] [17] Furthermore, the restorative effect of continuous positive airway pressure (CPAP) on sleep pattern 17, 18 and on some rhythms, such as those of core body temperature, 17 fibrinolytic markers, 19 coagulation factors, 20 blood pressure, 21 and inflammation, 22 might support the hypothetical role of SDB in the disruption of circadian system function. Conversely, the circadian system also influences SDB, as indicated by the circadian pattern of incidence and length in apnea events. 23 The 24-hour rhythm in core body temperature (CBT) is one of the most reliable methods to measure the functioning of the circadian system, but it is difficult to measure in clinical practice and, even more, in daily-life conditions because rectal probes are uncomfortable for long recordings and temperature pills have a short monitoring period and measurements are masked by food and drink intake. 24 Alternatively, the DST rhythm can be easily and comfortably recorded, [25] [26] [27] [28] is stable under a constant routine, shows a stable phase relationship with other marker rhythms, 6, 29 and has been validated using polysomnography (PSG) recordings. 30 Furthermore, there are evidences suggesting that sleepiness may be more closely linked to an increase in DST than to a drop in CBT, so much so that DST is phase advanced with respect to CBT, suggesting that heat loss from the extremities may drive the circadian CBT rhythm.
5,28,31-37

Statement of Significance
Sleep regulation is driven by three processes: (1) a homeostatic increase of sleepiness; (2) a circadian modulated increase of sleepiness during selfreported night; and (3) the sleep inertia, which seems related to distal skin temperature (DST). Sleep-disordered breathing (SDB) affects sleep regulation at all levels. In this study, we demonstrate that DST rhythm impairment is closely related to SDB severity and sleepiness. In addition, effective continuous positive airway pressure treatment improves not only SDB but, in parallel, DST pattern. Future research would corroborate the potential usefulness of DST rhythm assessment as a possible screening tool for ambulatory detecting SDB as well as its treatment efficacy.
The main purpose of this study was to evaluate the circadian rhythm of DST in SDB, its relationship with excessive daytime sleepiness, and the effect of CPAP on this pattern.
MATERIALS AND METHODS
Participants
A series of 98 consecutive patients with suspected SDB evaluated at the Multidisciplinary Sleep Disorders Unit at the Hospital Clinic of Barcelona were recruited for this study. Exclusion criteria were (1) being under 18 years of age, (2) the use of medications affecting wakefulness or sleep, (3) shift work or irregular sleep-wake schedules during the 4 weeks before the sleep study, and (4) major medical or psychiatric disorders. Nocturnal PSG excluded any concomitant sleep disorder other than SDB.
During the same period, 67 healthy participants, gender, and age balanced with the SDB patients (see Table 1 ) were recruited at the Chronobiology Lab of the University of Murcia for another series of free-living condition experiments; they were selected to illustrate a healthy DST pattern. Exclusion criteria were the same as those applied to the SDB patients and also included reports of snoring and/or excessive daytime sleepiness (Epworth Sleepiness Scale score higher than 12) 38 during a personal interview. The study abides by the bioethical principles set out by the Declaration of Helsinki. Data from the volunteers were included in a database and were protected according to Spanish Law 15/1999 from 13 September. All participants received the appropriate information about the characteristics of the study and signed an informed consent form before their inclusion. The study was approved by the Hospital Clinic of Barcelona ethics committee for the SDB patients and by the University of Murcia for healthy participants. Written informed consent was obtained from all participants.
Design
An overview of the design for SDB patients monitoring is shown in Figure 1 .
Healthy volunteers and SDB patients were monitored for an entire week using a Thermochron iButton DS1921H (Maxim Integrated Products, Sunnyvale, California) to measure wrist temperature, 28 with a precision of ±0.125°C. The healthy group wore the sensor during this period under free-living conditions, SDB patients were instructed to do the same for 6 days while monitored under controlled conditions at hospital the last day of the week. The temperature sensor was placed on the wrist of the nondominant hand over the radial artery as already described 6, 28, 39, 40 and was isolated from the environment by a double-sided cotton sport wrist band. 28 The device was programmed to sample every 10 minutes over the course of the entire week. During free-living conditions, the participants were encouraged to maintain their habitual lifestyle and were instructed to keep a sleep log.
On the last day of the week, patients underwent a 24-hour sleep study to confirm SDB and to assess daytime sleepiness, with questionnaires and neurophysiological tests. Upon admission, the Epworth Sleepiness Scale (ESS) and Barcelona Sleepiness Index (BSI) were used to assess self-reported daytime sleepiness. 38, 41 Nocturnal PSG was performed according to standard practice parameters and diagnostic criteria. 42, 43 We recorded electroencephalogram (O2-A1, O1-A2, C4-A1, C3-A2, F4-A1, F3-A2), electrooculogram, electrocardiogram, chin and right and left anterior tibialis surface electromyography data, and performed synchronized audiovisual recordings. Cannula, thermistor, abdominal and thoracic strain gauges, and finger pulse oximeters were used to measure respiratory variables. Apnea was defined as a complete cessation of airflow, measured using a thermistor, for more than 10 seconds. Hypopnea was defined as a more than 30% reduction in nasal pressure signal excursions from the baseline and was associated with more than 3% desaturation from the pre-event baseline or an arousal. The Apnea-Hypopnea Index (AHI) was the number of apnea plus hypopneas per hour of sleep. Sleep stages were independently and manually double scored according to the American Academy of Sleep Medicine criteria, using 30-second epochs, 44 The morning after PSG, the patients initiated the nap protocol to objectively measure daytime sleepiness throughout the day (further details are shown in the article by Guaita et al. 41 ). In brief, the protocol comprised five blocks of the Maintenance of Wakefulness Test (MWT), followed by the Multiple Sleep Latency Test (MSLT) (research version) administered every 2 hours, starting at 08:30 45 . Each nap block was preceded by a measurement of vigilance with Sustained Attention to Response Task (SART), with a duration of 4 minutes. 46 47 were used as the operational measures of objective sleepiness for the MSLT and MWT, whereas the number of "commission errors" (key presses when no key should be pressed, ie, after a three), "missed errors" (the times when no key was pressed when it should have been) and "total errors" (the sum of both commission and missed errors) were used for the SART. 48 Due to their skewed distribution, MWT and MSLT were log transformed previously to statistical analysis.
CPAP Treatment
Thirty of the original cohort of 98 patients with severe SDB (AHI >30 events/hour) or moderate SDB (AHI between 15 and 30 events/hour) with excessive daytime sleepiness or resistant All data are expressed as mean ± SEM, except for the men/women ratio. *Indicates statistical differences between healthy and SDB patients (general linear model, p < .05). For mild, moderate, and severe SDB groups, "a" indicates statistical differences when compared to mild SDB patients, "b" indicates statistical differences with moderate SDB patients (general linear model, p < .05, Bonferroni's post hoc).
# Denotes statistical differences between pre-CPAP and post-CPAP treatment (mixed model analysis, p < .05).
hypertension were treated with CPAP and were evaluated again following the same protocol: (1) DST monitored during six consecutive days under free-living conditions and the seventh day under controlled conditions at hospital, (2) nocturnal PSG study with CPAP during the last day of the week was followed by SART-MSLT-MWT nap protocol. CPAP titration was performed following the recommendations of the Spanish Sleep Network. 49 CPAP adherence was measured objectively, using a built-in CPAP meter. A minimum CPAP use of 5 hours per night, during six consecutive weeks was required for the analysis. 50 
Data Analysis
Artifacts produced by temporarily removing the temperature sensor were filtered from the raw data. In addition, to eliminate atypical data, the interquartile distance (from Q1 to Q4) was calculated, and each time point for which the rate of change with respect to the previous value was higher than the interquartile distance was discarded. 25 The mean daily pattern for DST was calculated per individual and then averaged per group.
A nonparametric analysis was performed for each participant to characterize DST as previously described 51 in order to avoid the errors committed by the cosine adjustment because the DST pattern is not a sinusoid wave. This analysis involved the following parameters: interdaily stability (the constancy of the 24-hour rhythmic pattern over days, IS); intradaily variability (rhythm fragmentation, IV); average of 10-minute intervals for the 10 hours with the minimum temperature (L10) and its respective timing (TL10); average of 10-minute intervals for the 5 hours with the maximum temperature (M5) and its timing (TM5), and the relative amplitude (RA), which was determined by the difference between M5 and L10, divided by the sum of both. Finally, the Circadian Function Index (CFI) was calculated by integrating IS, IV, and RA. Consequently, CFI is a global measure that oscillates between 0 for the absence of circadian rhythmicity and 1 for a robust circadian rhythm. 32 DST measures in healthy participants and SDB patients were compared using a General Linear Model. Differences between snorers/mild SDB (AHI <15 events/hours), moderate SDB (AHI between 15 and 30 events/hour), and severe SDB (AHI >30 events/hour) were assessed by a General Linear Model (followed by post hoc pairwise comparisons and a Bonferroni test). To address the relationship between circadian, PSG, and daytime sleepiness, variables were assessed by means of Pearson's correlations with Bonferroni correction, to obtain a correlation matrix followed by a partial Pearson's correlation, controlling for body mass index (BMI) and age. Due to the relationship between BMI and SDB 49 and the previously described DST alterations in obese people, 52 we tried to minimize BMI masking effect by two approaches: (1) 
RESULTS
Clinical and PSG Characteristics
From the 98 consecutive SDB patients originally studied, 18 were excluded due to irregular sleep-wake rhythms (n: 3), acute sleep deprivation prior to the sleep study (n: 1), technical problems wearing the temperature sensor (ie, insufficient data for analysis) or during the PSG procedure (n: 11), severe depressive symptoms (n: 1), REM sleep without atony (n: 1), and migraines during the nap protocol (n: 1). The group finally comprised 80 adults with a wide spectrum of disease (see Table 1 for clinical and PSG characteristics). With regard to the 30 patients requiring CPAP, one refused to complete the protocol and eight did not have DST data available with the therapy; therefore, 21 moderate to severe SDB patients receiving CPAP were revaluated at least 6 weeks after the baseline study. Healthy participants were recorded for an entire week (7 days) under free-living conditions, whereas SDB patients were recorded for 6 days under free-living conditions, and an additional day (the last one) in a sleep unit to perform the sleep study. They arrived at the sleep unit at 18:00 for PSG and during the next morning they followed the SART-MWT-MSLT protocol. This protocol consisted of five sessions of SART, MWT, and MSLT, starting at 08:15 and repeating every 2 hours until the fifth repetition. BSI = Barcelona Sleepiness Scale; ESS = Epworth Sleepiness Scale; MSLT = Multiple Sleep Latency Test; MWT = Maintenance of Wakefulness Test; PSG: polysomnography; SART = Sustained Attention to Response Task.
PSG revealed a complete resolution of SDB in all patients and improved excessive daytime sleepiness measured by MWT sleep latencies and ESS score (Mixed Model Analysis, p < .05). However, CPAP treatment did not improve BSI score, MSLT sleep latencies, and SART errors.
SDB Versus Healthy Participants
Daily mean patterns of DST for healthy participants (n: 67) and SDB patients (n: 80) are shown in Figure 2 , whereas their rhythmic characteristics are shown in Table 2 . The DST of healthy and SDB patients showed a common rhythmic pattern, with high and relatively stable values during sleep time (from 00:10 to 08:00) and low and highly variable values during the active phase (from 08:10 to 00:00), with a peak in the evening associated with napping and a low-value period in the late evening corresponding to the "wake maintenance zone". However, the DST rhythm in SDB patients was characterized by statistically significant lower values at night (M5) and higher values throughout the daytime (L10), as well as a lower IS, RA, and CFI and a phase advance in TM5 (General Linear Model, p < .05).
After matching SDB patients (n: 28) and controls (n: 28) for BMI, sex, and age, the subset of SDB patients showed lower IS and CFI than the subset of healthy participants (Table 3A) . The circadian parameters of the DST rhythm did not differ between SDB patients with high (n: 17) and low BMI (n: 17) matched by sex, age, and AHI (Table 3B) .
Severity of SDB
DST mean patterns and DST circadian parameters of snorers/ mild (n: 32), moderate (n: 19) , and severe SDB (n: 29) were compared by General Linear Model followed by a Bonferroni's post hoc analysis. The main results are shown in Figure 3 and Table 4 . The snorers/mild apnea group showed a more robust DST pattern than the moderate and severe apnea groups (higher IS, RA, and CFI and lower IV), with higher values at night (M5) and lower values in the wake maintenance zone (between 19:00 and 21:00 hours), as well as increased day/night contrast ( Figure 3 ). These differences were only statistically significant between the mild and severe groups (Table 4) , with the moderate group exhibiting intermediate values, as it was the case for other parameters, such as BMI, N1, N3, REM, and REM Episodes (Table 1) .
Most DST indexes (IS, RA, CFI, TM5, and M5) were linear and negatively correlated (positively for IV) with AHI, oxyhemoglobin saturation measures, such as CT90 and ODI3, and the arousal index (Table 5 ). Mean and nadir oxygen saturation also positively correlated with the DST phase advance (TM5), robustness DST indices (IS and CFI), and sleep values (M5). After controlling for BMI, age, and sex, AHI and ODI3 maintain their relationships with IS, IV, CFI, and M5; the arousal index only maintains its relationship with IV and CFI; CT90 and mean oxygen saturation remain correlated with M5 while the nadir of oxygen saturation did not show any significant relationship.
Relationship to Excessive Daytime Sleepiness and Sleep Architecture
Patients with shorter MWT and MSLT sleep latencies (ie, those who are sleepier) showed higher fragmentation (IV) and lower robustness (CFI) of the DST rhythm, whereas both commission and total SART errors were negatively related to a delayed TM5 (Table 5) . During the partial correlation analysis, only MWT sleep latencies maintain their relationship with CFI and IV, whereas total SART was consistently linked to a delayed TM5. In terms of the sleepiness scales, only the BSI showed a positive correlation with the fragmentation of DST (IV), which was lost during the partial correlation. However, a relationship between BSI and amplitude (RA) was revealed. Although no significant correlation was found for N1 and N3 sleep stages and DST, time in REM positively correlated with RA and CFI and negatively correlated with IV and L10. Only the relationships between REM and fragmentation (IV) and daytime values (L10) remained after partial correlation analysis. (Figure 4 and Table 6 ). An example of normalization of the DST in response to CPAP is represented in Figure 5 , where the patient attains a better adjustment of his sleep to the night period and also increases his day/night contrast.
Effects of CPAP
DISCUSSION
Our results provide the first evidence that the DST pattern is altered in SDB. This impairment is directly related to SDB severity, as measured by AHI and oxyhemoglobin saturation and improves with an adequate CPAP treatment. In addition, DST is independently related to sleepiness measurements. We have found that healthy participants and SDB patients exhibit a similar DST pattern, with highest values at night and lowest values during the daytime, 53,54 including a secondary peak in the nap period. 55 Between 19:00-21:00 hours, DST exhibited a minimum level, which coincides with the so-called "wake maintenance zone" 56 ; this is followed by a sharp increase in DST, coinciding with the usual time of dim light melatonin onset or DLMO. 29 Patients with SDB, however, showed lower DST values at night as compared to the controls, which could contribute to decrease CBT at night as shown by Moog et al., 17 probably due to sympathetic hyperactivation caused by episodes of sleep apnea. 12 These values decreased progressively throughout the night, probably as a consequence of the increasing length of apnoeas during REM sleep, which is more frequent during the last half of the night and hence, so is sympathetic activation as the night progresses. 23, 57 The resulting autonomic dysregulation is a potential link between SDB, vascular dynamic alterations, and cardiovascular disease. 58 This cardiovascular affectation could be responsible for the alteration in the DST pattern. 59 In addition, SDB patients had also higher DST values during wake time, and  significance  level   IS  IV  RA  CFI  TL10  TM5  L10 which could also contribute to the excessive daytime sleepiness experienced by these patients. 6 ,9,60 The SDB patients had more fragmented, phase-advanced, and lower amplitude rhythms than the controls, characteristics which are frequently observed in elderly populations. 61, 62 In addition, SDB patients showed lower stability, a reduction that seems related with other pathologies Snorer/mild: participants with AHI lower than 15 (n: 32); moderate: AHI higher than 15 and lower than 30 (n: 19); severe: AHI higher than 30 (n: 29). AHI = Apnea-Hypopnea Index; CFI = circadian function index; DST = distal skin temperature; IS = Interdaily stability; IV = intradaily variability; L10 = mean of the 10 consecutive hours with the lowest values and its timing (TL10); M5 = mean of the five consecutive hours with the highest values; RA = relative amplitude and its timing (TM5); SDB = sleep-disordered breathing; SEM = standard error of the mean.
Conditions Groups
Values are expressed as the mean ± SEM. p denotes global significance level according to general linear model (in bold probability values lower than .05). *Indicates statistical differences when compared to mild SDB patients (general linear model followed by a Bonferroni's post hoc, p < .05). such as diabetes, metabolic syndrome, or cardiovascular disease in humans 63 or with normal aging in animal models, 64, 65 or in humans, although in this latter case data are not conclusive. 26, 66, 67 Finally, the higher fragmentation and lower stability of these patients were also associated with higher mortality risk. 68 These differences between SDB patients and healthy participants are not attributable to age, sex, or BMI because healthy participants who were matched according to all these characteristics with SDB patients still showed statistically significant differences. Furthermore, SDB patients with high and low BMI, paired by sex and age, did not show any difference between them.
The AHI, the most commonly used index to measure the severity of SDB, 69 was used to classify our patients into three groups: simple snorers and those with mild SDB, those with moderate SDB, and those who experience severe SDB. The DST pattern was progressively impaired as SDB severity increased, as evidenced by the main characteristics of the rhythm, such as stability, fragmentation, or amplitude, which as previously mentioned, constitute mortality or aging markers. 61, 62, 68 High DST values during wake time highlight the excessive daytime sleepiness of SDB patients, 7,70 which also occurs in narcoleptic patients 71 ; this somnolence is aggravated in the late evening, as indicated by higher values around midnight and the consequent sleep phase advance, which tends to be more marked as the severity of SBD increases. In addition to AHI, the other SDB markers also showed similar relationships with the DST characteristics, indicating that greater hypoxia and number of arousals were associated with impaired DST characteristics, even after subtracting the effect of age, BMI, and sex. Thus, these results reinforce the relationship between hypoxia and DST alterations.
The relationship between DST fragmentation and robustness (IV and CFI, respectively) with MWT and MSLT variables might suggest that sleepiness in SDB may be explained in part by this circadian impairment. In addition, SART variables were related to daytime sleepiness (measured by L10) and DST night phase (TM5), pointing to a link between a high temperature at distal sites, sleepiness, and impaired vigilance. 5, 35, 60, [72] [73] [74] Selfreported sleepiness scales, such as the ESS, were not associated with DST measures, with the exception of BSI, which correlated with IV, thus possibly indicating a closer physiological connection to BSI, as compared to ESS. 41 Although peripheral temperature has been described to vary significantly among the sleep phases in healthy participants and those having diverse sleep disorders, 30, 32, 74 the time spent in different sleep stages was weakly associated with DST, except for REM sleep, which was related to RA, CFI, L10 (robustness and contrast indices), and IV (fragmentation parameter) in SDB patients.
CPAP treatment showed a restorative effect on the DST pattern, strengthening it and consolidating higher temperatures during the nocturnal period. Although it has been suggested that CPAP may revert disordered variables, such as metabolic syndrome, fibrinolytic and inflammatory markers, coagulation factors, and blood pressure among others, [19] [20] [21] [22] 58, 75 daytime DST values were still compatible with sleepiness. 6, 9, 60 This fact could be due to either the autonomic dysregulation associated with residual excessive sleepiness 76 or the permanent central nervous system damage caused by long-term SDB. 77 In fact, the improvement of the DST pattern, in particular with regard to the L10 value, could indicate diminution in residual excessive sleepiness.
One possible limitation of this study is its necessary exploratory approach, since this is the very first time that DST rhythm alterations are evaluated in SDB. In addition, our control group Figure 4 -DST mean daily patterns for 21 SDB participants at baseline (SDB, gray line) and after 6 months of CPAP treatment (SDB+CPAP, in black). All data are expressed as mean ± SEM. CPAP = continuous positive airway pressure; DST = distal skin temperature; SDB = sleep-disordered breathing; SEM = standard error of the mean. was not subjected to PSG, and they were not matched by BMI, due to the scarce number of high BMI participants without SDB. However, three sets of evidence confirm the existence of an association between SDB and DST: (1) the presence of statistical differences in some DST parameters, such as IS, RA, and CFI between the subgroup of patients and the controls matched by BMI; (2) the lack of statistical differences between the two subgroups of SDB patients with high and low BMI; (3) the improvement of DST parameters after CPAP treatment.
Other limitation is the lack of a nonsleepy severe SDB group, but future research will address this interesting issue.
In conclusion, the DST pattern is altered in SDB, evidencing a direct relationship with the degree of severity that improves with CPAP treatment. DST is related to objective and self-reported sleepiness measures, indicating that its measurement could contribute to the understanding of the pathophysiology of sleepiness in these patients.
